In recent years, there are many researchers and engineers have investigated the transmission characteristics of PLC. Philipps and Xin Ding etc. analyzed the characteristics of transfer function and impulse response by using echo model when the length and terminal impedance of a branch is fixed in the power line network [7] , [9] . Philipps also proposed a series resonant circuit model and investigated the transfer function and phase characteristic of one tap with one branch configuration in power line grid [12] . Zimmermann and Sabih Güzelgö z etc. provided the multipath model and presented the amplitude response, phase response and impulse response of the power line in the simplest condition for one node with one branch and fixed impedance [13] - [14] . Hossain and Meng presented the amplitude response and phase response using twowired transmission line model while not considering the change of the length and impedance of branch [15] - [16] . Versolatto, Galli and Jaeyoung Shin etc. utilized the multiconductor transmission line theory in modeling the PLC channel and described the insertion loss, phase characteristic and magnitude response in three-power line structure [17] [18] [19] . Berger proposed an IIR filter model for analyzing the power line transmission characteristics and obtained the channel gain and impulse response in a fixed branch length and branch terminal impedance. Anatory Justinian etc. studied the effect of the load impedance, line length, and number and length of branch in power line grid, but did not consider the number of tap and the variation of the branch terminal impedance. From the overview above, it can be seen that the current researches on the transmission characteristics of PLC channel mainly focus on the simplest branch structures, such as one or a few taps with only one branch attached on the tap and the branch length or branch terminal impedance is also fixed. Therefore, the effect of more complex branch configuration with varied length and terminal impedance of branch on a PLC network need to be investigated before it is utilized as a communication communication channel.
In this paper, the transmission line and chain matrix theories are exploited to analyze the transmission characteristics of PLC channel. The characteristics of two kinds of configurations in power line grid, i. e., the OTMB and MTMB are investigated. The amplitude response and the phase response of the transmission function are simulated in the frequency range from 1 Hz to 30 MHz. The effects of the length and terminal impedance of branch on the transmission characteristics are also researched. The observations from the investigation can be a useful reference when a suitable power line communication system is designed. The low attenuation amplitude response in transmission characteristic of power line network is selected as the frequency band to transmitting the signal for saving emission power and reducing interference. The linear phase area of phase response in transmission characteristic of power line grid also is chosen as the working frequency range in the occasion of needing linear phase response. Moreover, the frequency area near notches are avoided and the frequency range of crests are utilized in both amplitude and phase response when the frequency bands are selected to transfering signals.
This paper is organized as follows. The typical configuration of a power line network in home and the primary parameters of a common power cable are described in part II. In part III and IV, the characteristics of the OTMB and MTMB power grid configurations are investigated. The models of the OTMB and MTMB are compared with other existing ones in part V. The conclusion is drawn in last part VI. 
II. THE POWER LINE GRID AND PRIMARY PARAMETERS
A. The Power Line Grid A practical power line grid is illustrated in figure 1 a and the corresponding equivalent topology is shown in figure 1 b. From figure 1 a we can see that there are many taps, branches and sub-network structures from transmitter to receiver. The typical appliances in house are light, fan, computer, air-conditioner, refrigerator and TV, etc. There are lots of connecting styles for the appliances linked to the taps. The one appliance is connected to one tap, several appliances attached on one tap, or some appliances are linked to a tap and others are coupled to the extension cable of the same branch and so on. The turning on or turning off of appliances will lead to the variation of branch length and branch terminal impedance in the power line network and this will bring some adverse effects to the transmission characteristics of power line as communication communication channel.
In the equivalent topology, there are many taps and multiple branches connected to the taps. There are also numerous other branches attached with different loads. Moreover, tte specification of the branches and the main trunk can be the same or not. Therefore, the transmission charecteristics in power line are extremely complicated compared with other existed wire communication styles such as twisted two-wire lines, coaxial lines and optical fibers etc.
B. The Primary Parameters
The signals always transmit in two lines in power line grid and the power line channel can be simply considered as a transmission line (TL) in this situation. In TL model, the two lines in power line network can be modeled as figure 2. Here, the symbols of R, L, C and G are the resistance per unit length for both conductors (in /m), the inductance per unit length for both conductors (in H/m), the capacitance per unit length (in F/m) and the conductance per unit length (in S/m), respectively. The v(z, t) and v(z+∆z, t) are the voltage at the position z and the position z+∆z at time t, respectively, while the i(z, t) and i(z+∆z, t) denote the current at the position z and the position z+∆z at time t, respectively. The ∆z indicates a small incremental distance from the place z.
The four primary parameters of the simplest power line can be obtained directly from the transmission line theory [8] , [16] and expressed as
where the µ c and σ c are the permeability and conductivity of the conductors in power line, respectively; the µ diel and σ diel denote the permeability and conductivity of the dielectric material between the conductors, respectively; the ε diel is the permittivity of the dielectric between two power lines and the D is the distance between cables while a is the radius of the conductor in one power line (supposing the two lines are the same).
The two intrinsic parameters of characteristic impedance Z 0 and propagation constant γ equals to +jβ can be written as
where ω is the signal angular frequency; the real part  and imaginary part ß of the propagation constant γ represent the attenuation constant and the phase constant of power line, respectively. A type of BV4 power line with copper core of 4 mm2 cross-sectional area and PVC insulator is studied and the characteristic impedance Z0 and propagation constant γ is shown in figure 3 . The value of characteristic impedance is about 90 Ohms. The phase of characteristic impedance increases nonlinearly with frequency increasing and is about -0.08 rad at 1 Hz and increases to 0 rad at 30 MHz. 
III. ONE TAP WITH MULTI-BRANCH CONFIGURATION

A. One Tap with One Branch (OTOB) PLC Channel
For OTOB configuration, the TL equivalent circuit is shown in figure 4 . This is the simplest scenario. Here, the E s and Z s represent the voltage and impedance of source, respectively. The l s , l b and l L are the lengths from source to tap, from tap to branch load, and from tap to receiver, respectively. The Z inb denotes the input impedance of the single branch and its teminal load at tap. The Z b and Z L are the terminal impedance of branch and the load impedance at receiver, respectively. The parameter Z inb is determined by
where the Z 0b and γ b stand for the characteristic impedance and transmission constant of the branch, respectively. The OTOB power line grid can be divided into three parts by using the chain matrix theory. The first part T 1 is the Z s and E s , The second part T 2 is the one from source to the tap including l 1 , l b and Z b and the third part T 3 is the right of tap including l L and Z L . The chain matrix of each part can be expressed as 
where the Z 01 and Z 0L are the characteristic impedance of the line l 1 and l L , respectively. The γ 1 and γ L denote the transmission constant of the line l 1 and l L , respectively. The chain matrix T of whole circuit can be represented as 
The transfer function for the OTOB power grid can be obtained from the relation between the chain matrix and the transmission line theory [16] 
B. One Tap with Multi-Branch (OTMB) PLC Channel
As shown in Figure 1 
where the Z 0k and γ bk are the characteristic impedance and transmission constant of the k th branch, respectively. The OTMB power line configuration can also be divided into three parts just like the OTOB circuit. The expression of chain matrix and the transfer function for each part are same as those in the OTOB circuit.
When the parameters are selected in table I, the amplitude and phase characteristic of transfer function for OTMB power line grid can be obtained in figure 5 . A configuration of three branches at the tap is selected as researching object.
Both the amplitude response and phase response of the transfer function for OTMB power line configuration decrease nonlinearly with frequency increasing. The amplitude response has many notches and the minimum one is less than -25 dB. In the OTMB scenario, both the branch length and branch terminal impedance can affect the transmission characteristic of power line channel. Since the structure and the characteristics of three branches and branch terminal impedances are similar, we select the first branch l b1 and its terminal impedance Z b1 as studying objects. When the length of l b1 changes from 0 meter to 1000 meters and the values of other parameters are selected in table I, the relation between the minimum and maximum amplitude responses and the branch length can be obtained in figure 6 a. Similarly, when the impedance of Z b1 varies from 0 Ohm to 1000 Ohms and the values of other parameters remain unchanged, the relation between the minimum and maximum amplitude response and branch terminal impedance is presented in figure 6 b. As shown in figure 6 a, we can see that the maximum amplitude of the transfer function varies around -19.5 dB while the minimum amplitude is nearly -28 dB when the branch length changes from 0 meter to 1000 meters. It is shown in figure 6 b that the maximum amplitude response of transfer function for OTMB power line grid varies from about -17.2 dB to -19.8 dB, while the minimum amplitude increases from about -121.5 dB to maximum -25.4 dB firstly and then decreases immediately with the frequency increasing when the terminal impedance changes from 0 Ohm to 1000 Ohms.
IV. MULTI-TAP WITH MULTI-BRANCH PLC CHANNEL
In a multi-tap with multi-branch (MTMB) scenario, there are N taps and K n (n=1, 2,..., N) 
where the Z 0nk and γ bnk are the characteristic impedance and the transmission constant of the k th branch at n th tap, respectively.
The N-tap with multi-branch power line grid can be divided into N+2 parts as shown in Figure 1 The chain matrices of the N+2 parts are 
where the Z 0n (n=1, 2,..., N) and the Z 0L are the characteristic impedances of line l n and l L , respectively.
The expression of the chain matrix and the transfer function for whole MTMB power line grid are similar to that of OTMB configuration shown in equations 8 and 9.
A three taps power line grid is investigated. There are two branches connected to first tap, three branches attached on second tap and four branches at third tap.
The characteristics of amplitude response and phase response for the MTMB structure are presented in figure  7 . The parameters used in the MTMB modeling are presented in table II. Both the amplitude and phase responses in MTMB decrease nonlinearly with frequency increasing but have a lot of notches. The minimum amplitude response is less than -43 dB. In the MTMB scenario, the relations between the transmission characteristic of power line channel and branch length or branch terminal impedance are shown in figure 8 . Since the behaviors of branches and branch terminal impedances attached on the same tap are similar, we select the branch l b11 and the branch terminal impedance Z b11 as researching objects. In figure 8 a, the parameters are presented from table II except the l b11 changing from 0 meter to 1000 meters and the parameters used in the figure 8 b are selected from table II except the Z b11 changing from 0 Ohm to 1000 Ohms.
From figure 8 a, it can be observed that the maximum amplitude of transfer function is some -30.4 dB while the minimum one varies around -43.5 dB when branch length changes from 0 meter to 1000 meters.
It is shown in figure 8 b that the maximum amplitude response for power line grid changes from about -31.9 dB to -29.8 dB while the minimum response increases from -126.3 dB at 0 Ohm to the maximum -43.9 dB at about 90 Ohms firstly and then decreases immediately with frequency increasing when the terminal impedance of branch changes from 0 Ohm to 1000 Ohms.
V. RELATED WORKS
In actual power line grid, the network environment is always complex and changing and we have to dynamically check the behaviors to adapt to the changes of network circumstance. In this paper, a comprehensive power line network modeling approach based on TL and chain matrix theories, referred as OTMB and MTMB, is proposed. Table III shows the comparison of MTMB with related studies.
From table III, we can see that the existing power line models can be sorted into two types, one is based on the measured parameters and the other is the calculated parameters. The first category of modeling approach is complicated and easy to cause error when power line grid becomes complex and large. Therefore, the reliability and accuracy are in doubt in the condition of complex power line grid. Thus, it is difficult for them to be efficiently deployed in analyzing the characteristics of large-scale power line network as communication channel environment. The MTMB modeling approach has the feature of simple calculation, relatively high reliability, extremely accuracy and thus it is suitable for the condition of two-wire power line communication regardless of how the complex configuration of the power line grid is and how do the amount and value of the branches and taps change.
There are many advantages for the MTMB modeling approach because it is based on the transmission line and chain matrix theories. First the modeling is hard to go wrong as it is under the guidance of mature theories and formulae. Secondly, because of having simplifying methods, the modeling process can not become complex and the parameter calculation can become quickly when the power grid turns complicated and huge. Finally, this method is more practical as it has taken into account of all the configuration of branches and their terminal impedances in two-wire PLC situation.
VI. CONCLUSION
In this paper, we have proposed an approach to calculate the channel transfer function of PLC network with LV indoor scenario using TL and chain matrix theories. This method is based on the computation of the ABCD matrix via a sub-network decompose approach which is applicable to complex in-home networks with many taps and branches. We have dealt with the analytical modeling of cables with OTMB and MTMB configurations. We have obtained the amplitude response and phase response via software simulation when the branch length and branch terminal impedance change. The maximum and minimum amplitudes of the transfer function are also investigated when the length and impedance vary. Compared to the echo model, multi-path model, series resonant circuit model, etc., our approach is a better method in terms of reliability, accuracy, complexity and so on when the transmission characteristics of indoor LV PLC channel with different branch configurations, branch lengths and terminal impedances are analyzed.
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